The brain processes involved in the restoration of motor skill after hemiparetic stroke are not fully understood. The current study compared cortical activity in chronic stroke patients who successfully recovered hand motor skill and normal control subjects during performance of kinematically matched unskilled and skilled hand movements using functional magnetic resonance imaging. We found that cortical activation during performance of the unskilled movement was increased in the patients relative to controls in the contralesional primary sensorimotor cortex. Performance of the skilled movement elicited increased activation in the patients relative to controls in the contralesional primary sensorimotor cortex, ventral premotor cortex, supplementary motor area/cingulate, and occipitoparietal cortex. Further, the activation change in the contralesional occipitoparietal cortex was greater in the patients relative to controls with the increase in motor skill challenge. Kinematic differences, mirror movements, and residual motor deficits did not account for the enhanced activation in the contralesional cortices in the patients. These results suggest that activation in the contralesional cortical network was enhanced as a function of motor skill challenge in stroke patients with good motor recovery.
Introduction
Stroke often causes hemiparesis due to direct damage and/ or secondary functional disruption of brain areas controlling movement. Recovery of motor function, when it occurs, typically starts with regaining limb synergies characterized by gross, undifferentiated movements of the stroke-affected limb (Twitchell 1951; Brunnstrom 1966) . Recovery may proceed by regaining the ability to perform skilful, nonsynergistic limb movements in which intralimb joints can be controlled independently. Recovery of hand motor function also follows this trajectory, with early restoration of synergistic movements in which the digits can grasp and release in unison and later restoration of dexterous, nonsynergistic movements in which the digits can be moved independent of one another. Recovery of nonsynergistic hand movements is critical to functional use of the hand in daily activities, such as tool usage and object manipulation.
The changes in brain activity mediating recovery of motor function after stroke are beginning to be unraveled. Early after hemiparetic stroke in patients, performance of a gripping task (i.e., a synergistic movement) by the affected hand has been shown to increase activity in several cortices within the ipsilesional and contralesional hemispheres to a greater degree than in normal control subjects (Ward et al. 2003a) . Progressive normalization of cortical activity elicited by hand gripping appears to occur during the recovery process in stroke patients (Ward et al. 2003a ). Further, cortical activity associated with hand gripping in chronic stroke patients with good motor recovery has been shown to be indistinguishable from that in normal controls (Ward et al. 2003b) . In contrast, during index finger or sequential finger tapping (i.e., nonsynergistic movements), cortical activity in chronic stroke patients with good motor recovery has been observed to be enhanced relative to that in normal controls, most commonly in the primary motor cortex, premotor cortex, and parietal cortex of the contralesional hemisphere (Chollet et al. 1991; Weiller et al. 1993; Cramer et al. 1997; Cao et al. 1998; Foltys et al. 2003; Gerloff et al. 2006; Lotze et al. 2006 ). These observations suggest that differences in motor task--related cortical activity between wellrecovered stroke patients and normal controls are more pronounced as the skill demanded by the motor task is increased. However, the relationship between cortical activity and motor skill challenge in stroke patients has not been tested directly. This is partly due to previous studies, with the exception of a few, having stroke patients perform only a single motor task, either synergistic or nonsynergistic. In the few studies in which more than one motor task was performed (Cramer et al. 2001; Foltys et al. 2003; Nair et al. 2007) , comparison between resultant activation patterns was confounded by the tasks not being matched for kinematic parameters of performance (e.g., force, amplitude, frequency, range of motion, number of body segments moved, and which body segments moved).
The purpose of the current study was to gain insight into the cortical processes involved in the restoration of motor skill after stroke. To meet this goal, cortical activity in chronic stroke patients who successfully recovered motor skill was compared with that in normal control subjects using functional magnetic resonance imaging (fMRI). The fMRI was conducted while the subjects performed a pair of kinematically matched hand motor tasks that were developed by Ehrsson et al. (2002) to examine differences in the neural control of synergistic versus nonsynergistic movements in normal healthy subjects. The synergistic task involved movement of all 5 digits in unison, whereas the nonsynergistic task involved independent movement of the thumb relative to the unified movement of the other 4 digits. As the nonsynergistic task involved independent digit movement, this task required more skill than the synergistic task. Understanding the effect of motor skill challenge on cortical activation in stroke patients could ultimately lead to the development of interventions aimed at maximizing motor recovery after hemiparetic stroke.
Materials and Methods

Subjects
Ten patients with chronic stroke, former inpatients at Boston area hospitals, were enrolled (Table 1) . These patients fulfilled the following inclusion criteria: 1) first-ever ischemic stroke that spared the hand region of the primary motor cortex; 2) stroke incurred >6 months earlier; 3) acute unilateral loss of hand strength to <4 on the Medical Research Council (MRC) scale (0--5, 5 = normal) (Medical Research Council 1976) based on physician notes entered into the medical record of the initial hospitalization within~24 h after stroke; and 4) good hand motor function at the time of study enrollment, determined by the ability to competently perform the synergistic and nonsynergistic hand motor tasks applied during fMRI. Exclusion criteria were: 1) prior or subsequent symptomatic stroke; 2) language or cognitive deficit that would impair cooperation with study procedures; 3) significant somatosensory (light touch or proprioception) deficit of the stroke-affected hand; 4) other disorder that impaired motor function of the strokeaffected hand; and 5) contraindication to magnetic resonance imaging. Enrolled patients were evaluated for their premorbid hand preference using the Edinburgh Inventory (Oldfield 1971) . All patients had received and completed physical rehabilitation after their stroke.
Ten control subjects with no history of stroke and a normal neurological examination were also enrolled. A control subject was matched, as closely as possible, to each stroke patient first by handedness (premorbid for patients), second by age, and third by gender (Table 1) . This matching was done because handedness (Dassonville et al. 1997; Volkmann et al. 1998 ) and age (Mattay et al. 2002; Ward and Frackowiak 2003) have been shown to affect brain activity during performance of motor tasks. Further, gender may influence brain activity during visuomotor processing (Gorbet and Sergio 2007) . A separate cohort of 10 healthy normal subjects was enrolled to evaluate their perception of challenge to perform the hand motor tasks applied during fMRI (see Supplementary Material).
All subjects provided written informed consent in accordance with the Human Subjects Committee of the Partners Institutional Review Board.
Testing of Hand Motor Function
Motor function of the right and left hands of subjects was assessed using 2 tests. The maximum speed of unilateral index finger tapping was measured. The subject sat in a chair with the forearm pronated and hand resting on a tabletop, then extended the index finger, repeatedly and as fast as possible, to a marker 2 inches off the table in two 10-s trials. Fine manual dexterity was tested using the Purdue Pegboard test in three 30-s trials (Tiffin and Asher 1948; Desrosiers et al. 1995) . Test scores were averaged over trials. Average test scores for the stroke-affected hand of patients and comparable hand of controls were normalized to percent of the contralateral hand. Between-group differences in test scores were evaluated by 2-tailed, unpaired t-tests, with alpha set to 0.05 (StatView, version 4.5) . A principal component analysis was performed with both sets of test scores from the patients using MATLAB (The Mathworks, v6.5.1). The first principal component, which accounts for the greatest percentage of the variability within the data, was taken to represent overall hand motor function for each patient. Subsequent analyses utilized the first principal component to examine the relationship between overall hand motor function and brain activation across the patients.
Motor Tasks during fMRI
The stroke-affected hand of patients was used to perform the motor tasks during fMRI. Because the affected hand among patients was of mixed dominance, we had the handedness-matched control subjects perform the motor tasks with their comparable hand (e.g., left hand of a right-hand dominant control matched to a right-hand dominant patient with left hemiparesis). This patient-control matching procedure eliminated potential confounds in brain activation related to hand dominance (Dassonville et al. 1997; Volkmann et al. 1998) .
Subjects performed unilaterally kinematically matched synergistic and nonsynergistic motor tasks that have been described previously (Ehrsson et al. 2002 ). The synergistic motor task required the 5 digits flex and extend in unison. The nonsynergistic motor task required that thumb flexion was accompanied by unified extension of the other 4 digits, and that thumb extension was accompanied by unified flexion of the other 4 digits. The nonsynergistic motor task involved independent movement of the thumb relative to movement of the other 4 digits and, therefore, was more skilful than the synergistic task. Both the synergistic and nonsynergistic motor tasks were performed at 0.25 Hz (1 cycle per 4 s) with the digits moving through their full range of motion. The perceived level of challenge to perform each of the motor tasks was tested (2-tailed paired t-test) in the separate cohort of healthy normal subjects using a visual analogue scale (Wewers and Lowe 1990; see Supplementary Material) . Movement epochs (22.5 s 3 5) alternated with rest epochs (22.5 s 3 6) in which the hand fully relaxed. The synergistic and nonsynergistic motor tasks were performed in separate functional runs, with the order of runs randomized across subjects. Subjects were not able to see their hands during scanning. Conditions were cued by visual stimuli generated by a Macintosh G3 iBook running MacStim software (version 2.6). The visual stimuli were back projected onto a translucent screen that subjects viewed via a tilted mirror. Movement stimuli were schematic representations of a hand that alternated every 2 s between the 2 movement phases and were colored green for the 22.5-s epoch, except for the last 2.5 s when the schematic changed to red to cue preparation to stop moving. Stimuli cueing for the synergistic and nonsynergistic movements were the same size. Stimuli cueing rest were shaped as an asterisk, sized similar to the movement stimuli, and alternated between being colored blue and red at the same frequency as the movement stimuli (every 2 s). Before scanning, subjects were trained on these tasks until they could be performed comfortably (usually 10 min).
Motor task performance was recorded online using a custom-built device that has been described previously in detail (Schaechter et al. 2006). The device utilizes microelectromechanical system (MEMS) gyroscopes to measure angular velocity of each of the 10 digits. Use of the finger motion--sensing device during magnetic resonance imaging (MRI) has been shown neither to cause magnetic resonance image artifacts nor alter fMRI statistical activation maps. The angular velocity data were used to compute the mean duration, frequency, amplitude, speed, and acceleration of the 5 digits of the moving hand, as described previously. In addition, mean jerk was computed by applying a low-pass filter (ninth order Butterworth, cutoff frequency = 20 Hz) to the angular velocity time series from each of the digits, taking the second derivative of the filtered time series, then counting the frequency of deflections greater than 5 3 10 4 degrees/s 3 . The possibility that digits of the hand contralateral to the task-performing hand moved in a mirroring fashion (i.e., mirror movements) was also examined. Mirror movements were quantified by dividing the mean movement amplitude of the taskperforming digits into the mean movement amplitude of the contralateral digits and multiplying by 100. Separate 2-way, mixed model analysis of variance (ANOVA), with group (patients, controls) as the betweensubjects factor and task (synergistic and nonsynergistic) as the withinsubjects factor, was used to test for main and interaction effects on each kinematic parameter. Alpha was set to 0.05 with no correction for multiple comparisons.
Image Acquisition
Magnetic resonance images were acquired using a 3T Siemens Trio magnetic resonance scanner and a transmitter/receiver Bruker circular polarization head coil. With the subject lying supine on the scanner bed, a custom-formed bite bar was used to limit head motion. The elbows were slightly flexed so that both pronated forearms rested on the lower trunk and thighs. Splints were used to support the wrists at about 20°extension. Straps and cushions were used to stabilize the trunk and arms. Blood oxygenation level-dependent (BOLD) images were acquired parallel to the intercommissural plane using a T2*-weighted gradient echo, echo planar imaging sequence ( (Thesen et al. 2000) . BOLD image collection was preceded by 4 dummy scans to allow for equilibration of the MRI signal.
Two structural volumes were collected for anatomical localization and cortical surface reconstruction using a T1-weighted magnetization prepared rapid gradient echo (MP-RAGE) sequence (TR = 7 ms; TE = 3 ms; a = 7°; FOV = 256 3 256 mm; matrix size = 192 3 256; and effective slice thickness = 1.33 mm). In stroke patients, T2-weighted turbo spinecho images (TR = 5300 s; TE = 103 ms; a = 180°; FOV = 210 3 210 mm; and matrix size = 256 3 256) were obtained for determination of lesion localization and volume, using the same slice specifications as for the BOLD images.
Image Analysis
To perform group-level image analysis, BOLD and MP-RAGE images from patients with a left hemiparesis and right-sided stroke (patients no. 1, 5, 7, and 10) were flipped about the midsagittal plane, thereby lateralizing the damaged hemisphere to the left in all patients. In addition, BOLD and MP-RAGE images from the matched control subjects of these patients were flipped midsagittally, thereby removing the potential confound of hand used for task performance on between-group differences in activation.
Freesurfer software (http://surfer.nmr.mgh.harvard.edu) was used to compute a model of the cortical surface of each subject based on the MP-RAGE images using procedures described in detail previously . Each cortical surface model was spatially normalized to a spherical surface template using an automated procedure that optimally aligns major cortical gyri and sulci (Fischl, Sereno, Tootell, Dale 1999 ) and then transformed, using SUMA software (http://afni.nimh.nih.gov/afni/suma), to a standard cortical surface composed of nodes forming a triangular mesh. All fMRI results are displayed on the group-average standard cortical surface that best accounts for the topological variability of the subjects in this study (Fischl, Sereno, Tootell, Dale 1999) . This surface was generated by averaging the standard cortical surfaces from all study subjects.
Preprocessing and statistical analysis of functional images was performed using AFNI software (http://afni.nimh.nih.gov/afni). The functional volumes from each subject were preprocessed by correcting retrospectively for motion, normalizing signal intensity, and coregistering with their structural volume. The BOLD data along the normal vector through the gray/white matter border--pial surface were mapped to the standard cortical surface. The surface-mapped BOLD data were spatially smoothed using a 2-dimensional Gaussian filter (Chung et al. 2003) with a full-width at half-maximum of 6 mm.
Statistical analysis of individual subject data was conducted for each of the motor tasks separately using a general linear model (GLM) fit at each node of the cortical surface. The model included a stimulus input function defined as a boxcar convolved with a canonical hemodynamic response, baseline and linear drift terms, and motion-correction parameters as nuisance regressors. The resultant parameter estimates that reflected BOLD signal changes during movement relative to rest were entered into random effects group analyses. We evaluated group-average activation during performance of each motor task using one sample t-tests; within-group differences in activation during performance of the 2 motor tasks using 2-tailed, paired t-tests; and between-group differences in activation during performance of each motor task using 2-tailed, unpaired t-tests.
We also evaluated for between-group differences in cortical activation changes associated with performance of the nonsynergistic motor task versus the synergistic motor task. This analysis was performed by first concatenating each subject's functional data acquired during the 2 tasks. Then, the GLM described above was applied with the addition of a regressor contrasting the 2 motor tasks (nonsynergistic--synergistic). The resultant parameter estimates that reflected the difference in BOLD signal change between the 2 motor tasks in each patient and control were entered into a random effects 2-tailed, unpaired t-test.
Statistical activation maps were corrected for multiple comparisons by controlling for false positives using a combination of individual nodelevel probability and minimum cluster-size threshold (Forman et al. 1995) . Based on Monte Carlo simulations (10 000 iterations) performed on synthesized white Gaussian noise data that was resampled onto our group-average cortical surface and smoothed, we determined that with the individual node probability set to 0.05, an activation cluster with a surface area of >323 mm 2 controlled the false-positive rate to 0.05, whereas an activation cluster with a surface area of >463 mm 2 controlled the false-positive rate to 0.01. With the individual node probability set to 0.01, an activation cluster with a surface area of >234 mm 2 controlled the false-positive rate to 0.01.
For localization of activation clusters, the standard cortical surface from each subject was labeled using an automated probabilistic, surfacebased parcellation method (Fischl et al. 2004 ). All activation clusters were found to be composed of more than one neighboring cortical gyrus and sulcus. We computed the percentage of each activation cluster residing in component gyri and sulci, based on surface area, in each subject. Mean percentages (±standard deviation [SD]) across the subjects of each component gyrus and sulcus within an activation cluster are reported. To prevent anatomical misattribution of an activation cluster, a particular gyrus or sulcus was considered to be part of the cluster only if it contributed greater than 5% to the total surface area of the cluster across the subjects.
Functional assignments were made to selected activation clusters. An activation cluster that included the postcentral gyrus, postcentral sulcus, central sulcus, and precentral gyrus was identified as the primary somatosensory cortex and primary motor cortex (S1/M1) (Geyer et al. 1996 (Geyer et al. , 1999 Grefkes et al. 2001 ). An activation cluster that included the superior frontal and paracentral gyri and resided posterior to the level of the genu of the corpus callosum was identified as the supplementary motor area (SMA) (Fink et al. 1997 ). An activation cluster that included the inferior aspect of the precentral gyrus and sulcus, opercular part of the inferior frontal gyrus, and inferior frontal sulcus was identified as the ventral premotor cortex (PMv) (Tomaiuolo et al. 1999; Binkofski and Buccino 2006) .
We examined whether the activation in clusters exhibiting significant between-group differences during the synergistic and nonsynergistic motor tasks (see Results) related to the degree of residual hand motor impairment in the patients. For each of these activation clusters localized on the standard cortical surface, the mean BOLD signal change elicited by the appropriate motor task was computed for each patient. Pearson's correlation coefficient was used to evaluate, for each of these clusters, the relationship between activation (mean BOLD signal change, in percent) in the patients and 1) overall hand motor function (first principal component of behavioral scores) and 2) each movement parameter measured during fMRI. The significance of a correlation was determined using a z-test following Fisher's r to z transformation, with alpha set to 0.05.
Lesion volume was determined by an experienced neuroradiologist who manually outlined the T2 abnormality slice by slice using Alice software (Hayden Image Processing Solutions, Denver, CO).
Results
Hand Motor Function
Using measures of index finger tapping speed and fine manual dexterity (Purdue Pegboard test), the mean level of motor function of the affected hand of the chronic stroke patients was about 75% of their unaffected hand (Table 2) . Although this level of hand motor function indicates that the patients had relatively good motor recovery, they still showed residual hand motor impairments compared with the normal control subjects. Normalized speed of tapping the stroke-affected index finger of patients was significantly reduced relative to the comparable finger of controls (patients: 74.6 ± 25.4%; controls: 100.5 ± 8.7%; P < 0.01, unpaired t-test). Normalized performance on the Purdue Pegboard test of the stroke-affected hand of patients was significantly impaired (patients: 76.5 ± 26.0%; controls: 95.7 ± 9.8%; P < 0.05, unpaired t-test). The first principal component of the hand motor function scores from all of the patients accounted for 88.5% of the variability and was taken to reflect overall hand motor function of each patient. Figure 1 shows angular velocity time series from a representative control subject during performance of the synergistic and nonsynergistic motor tasks during fMRI. Analysis of the angular velocity data acquired online from the subjects during the 2 motor tasks revealed no significant main effect of group on the duration, frequency, speed, acceleration, jerk, or mirroring (each P > 0.05, mixed model ANOVA; Table 3 ). We did detect a significant (P = 0.041) main effect of group on the amplitude of digit movement, with the patients moving the digits approximately 94% the range of motion of that done by the controls. There was no significant main effect of task on any movement parameter, indicating that the 2 motor tasks were matched kinematically, as intended. Further, there was no significant interaction effect of task and group on any movement parameter.
Motor Task Performance during fMRI
fMRI Results
In the control subjects and stroke patients, performance of the synergistic or nonsynergistic motor task activated a similar network of cortical areas (Fig. 2) . In both subject groups, performance of either motor task activated the contralateral (ipsilesional in patients) sensorimotor cortex, including the hand region of the precentral and postcentral gyri/sulci, contralateral posterior parietal cortex, ipsilateral (contralesional in patients) precentral gyrus/sulcus, bilateral SMA/cingulate, and bilateral parietal operculum. Examination of the difference in activation during the 2 motor tasks (nonsynergistic--synergistic) in the control sub-jects revealed significantly increased activation in the contralateral postcentral gyrus/sulcus extending into the supramarginal part of the inferior parietal cortex (P < 0.05, corrected, paired t-test), ipsilateral postcentral gyrus/sulcus extending into the anterior part of the intraparietal sulcus (P < 0.05), and the ipsilateral central sulcus, precentral gyrus/sulcus (P < 0.01). In a separate cohort of healthy normal subjects, performance of the nonsynergistic task was perceived as more challenging than the synergistic task, evaluated using a visual analogue scale (P < 0.05, 2-tailed paired t-test; see Supplementary Material). In the patients, the increase in task challenge resulted in significantly increased activation in the ipsilesional postcentral gyrus/sulcus, angular part of the inferior parietal cortex and intraparietal sulcus (P < 0.01), and the contralesional postcentral gyrus/ sulcus, angular part of the inferior parietal cortex, superior parietal cortex, and intraparietal sulcus (P < 0.01), central sulcus, precentral gyrus/sulcus (P < 0.01), and occipitotemporal cortex (P < 0.01). There were no cortical areas with significant decreases in activation during performance of the nonsynergistic motor task relative to the synergistic motor task in either the control or patient group.
We tested for differences in cortical activation between the stroke patients and control subjects during performance of each of the motor tasks (synergistic patients -synergistic controls ; nonsynergistic patients -nonsynergistic controls ). Activation during performance of the synergistic motor task was significantly increased in the patients relative to controls in the contralesional S1/M1 (P < 0.01, corrected, unpaired t-test; Fig. 3A and Table 4 , A). During performance of the nonsynergistic motor task, the patients showed significantly increased activation, relative to controls, not only in the contralesional S1/M1 (P < 0.05, corrected, unpaired t-test) but also in the contralesional PMv (P < 0.01), SMA/cingulate (P < 0.05), and occipitoparietal cortex (P < 0.01) ( Fig. 3B and Table 4, B ). There were no cortical areas that exhibited significant decreases in activation in the patients relative to controls during the synergistic or nonsynergistic motor task. We also tested for between-group differences in cortical activation change associated with performance of the nonsynergistic motor task versus the synergistic motor task ([nonsynergisticsynergistic] patients -[nonsynergisticsynergistic] controls ). This contrast revealed a cluster in the contralesional occipitoparietal cortex (P < 0.01, corrected, unpaired t-test; Fig. 3C and Table 4 , C). This cluster was located largely in the posterior aspect of the intraparietal sulcus and had extensions into the extrastriate cortex, angular part of the inferior parietal gyrus, and superior parietal gyrus. This result indicates that the increase in motor skill challenge elicited a significantly greater enhancement in activation in the contralesional occipitoparietal cortex of the patients compared with controls.
We questioned whether the observed increases in cortical activation in the contralesional hemisphere of the patients, relative to controls, were related to the degree of residual motor impairment of the stroke-affected hand. To address this question, we performed correlation analyses between overall hand motor function (first principal component of the behavioral measures) and activation (mean BOLD signal change) in the patients in the: 1) contralesional S1/M1 cluster identified as showing a between-group difference during the synergistic motor task and 2) contralesional S1/M1, PMv, SMA/cingulate, and occipitoparietal cortex clusters identified as showing a betweengroup difference during the nonsynergistic motor task. We also performed correlation analyses between each movement parameter measured during fMRI (duration, frequency, amplitude, speed, acceleration, jerk, and mirroring) and activation in the patients in these 2 sets of activation clusters. No significant correlations were revealed (each P > 0.05, z-test; data not shown). These results exclude residual motor impairment of the strokeaffected hand as accounting for the increased cortical activation we observed in the contralesional hemisphere of the patients.
Discussion
The aim of this study was to gain insight into the cortical processes involved in the restoration of motor skill after hemiparetic stroke. During fMRI, chronic stroke patients with good motor recovery and normal control subjects performed 2 motor tasks that represent the evolution of motor recovery after hemiparetic stroke: a synergistic motor task (the 5 digits flexed and extended in unison) and a nonsynergistic motor task (the thumb flexed while the other four digits extended, and visa versa). As the nonsynergistic task involved independent movement of the thumb relative to the other digits, this task required more motor skill than the synergistic task. The 2 motor tasks were matched kinematically and were performed nearly equally well by the stroke-affected hand of patients and comparable hand of controls, allowing us to make meaningful comparisons in activation relative to an increment in motor skill challenge. The main finding was that the stroke patients exhibited enhanced activation in contralesional motor task--related cortices during affected hand movement, relative to that in controls, as a function of motor skill challenge. Performance of the synergistic motor task increased activation in the patients relative to controls in the contralesional S1/M1. Performance of the nonsynergistic motor task increased activation in the patients relative to controls not Between-group differences in activation during the synergistic motor task. Patients showed a significant (P \ 0.01, corrected, unpaired t-test) increase in activation in the contralesional S1/M1. (B) Between-group differences in activation during the nonsynergistic motor task. Patients showed significant increases in activation in the contralesional S1/M1 (P \ 0.05, corrected, unpaired t-test), PMv (P \ 0.01), occipitoparietal cortex (OP; P \ 0.01), and SMA/cingulate (P \ 0.05). (C) Between-group differences in cortical activation changes associated with performance of the nonsynergistic motor task versus the synergistic motor task. Patients showed a significant task-dependent increase in activation in the contralesional OP (P \ 0.01, corrected, unpaired t-test) relative to that in controls. only in the contralesional S1/M1 but also in the contralesional PMv, SMA/cingulate, and occipitoparietal cortex. We also observed that activation in the contralesional occipitoparietal cortex was differentially elevated in the patients relative to controls with the increase in motor skill challenge, suggesting particular importance of this cortical area to restored performance of dexterous, skilful movement after hemiparetic stroke.
Effect of Motor Skill Challenge on Cortical Activation in Patients and Controls
Increasing the motor skill challenge to the normal control subjects and relatively well-recovered stroke patients, by having them perform the nonsynergistic motor task compared with the synergistic motor task, enhanced activation in postcentral gyrus/sulcus bilaterally (extending into the posterior parietal cortex differentially in the 2 subject groups) and the ipsilateral (contralesional in patients) central sulcus, precentral gyrus/ sulcus. An fMRI study by Ehrsson et al. (2002) , which had normal healthy adults perform the same synergistic and nonsynergistic motor tasks as used in the current study also found increased activation in bilateral postcentral sulcus and ipsilateral precentral gyrus/sulcus during performance of the skilled task versus unskilled task. However, we did not replicate their observation of increased activation in the contralateral (ipsilesional) premotor cortex or SMA/cingulate associated with the increase in motor task challenge in either subject group. Further, we found increased activation in the anterior portion of the ipsilateral (contralesional) central sulcus, where M1 resides, in both subject groups. The reason for these differences is not known. One possibility is that they relate to differences between the 2 studies in the average age of the subjects (60 vs. 27 years). Age-related differences in motor task--related activation have been reported in the contralateral premotor cortex, SMA, cingulate, and ipsilateral M1 in normal healthy adults (Mattay et al. 2002; Ward and Frackowiak 2003) , leading to the possibility that these cortices in the older adults of our study responded differentially to the motor skill challenge compared with those in the younger adults of the Ehrsson study. Increasing motor skill challenge has been shown previously to enhance recruitment within a bilateral frontoparietal cortical network in normal healthy adults (Hamzei et al. 2002; Mayville et al. 2002; Oullier et al. 2005) . The observed activation increases in bilateral parietal cortex (postcentral gyri/sulci extending into posterior parietal cortices) in the controls and patients during the nonsynergistic versus synergistic motor task may indicate increased cortical processing related to the planning and somatosensory guidance of coordinated digit movement (Hikosaka et al. 1985; Brochier et al. 1999; Gardner et al. 1999 ). The enhanced activation in the ipsilateral (contralesional) frontal cortices (precentral gyrus/sulcus and central sulcus) with increased motor task challenge may relate to a role that the ipsilateral primary and premotor motor cortices play in the execution of complex digit movements (Rao et al. 1993; Shibasaki et al. 1993; Sadato et al. 1996; Chen et al. 1997; Verstynen et al. 2005; Carey et al. 2006 ).
Effect of Motor Skill Challenge on Cortical Activation in Patients Relative to Controls
The stroke patients showed enhanced activation in motor task-related cortices of the contralesional hemisphere during performance of the synergistic and nonsynergistic motor tasks relative to that in controls. Analysis of the finger motion data acquired during fMRI revealed no significant differences in the duration, frequency, speed, acceleration, or jerk of the motor tasks performed by the stroke-affected hand of patients versus the comparable hand of controls. We did find a small, but significant, decrease in movement amplitude in the patients, to approximately 94% of that in controls. A prior study in normal healthy adults reported that increasing the amplitude of finger movement was associated with increased activation in contralateral motor task--related cortices, with no observed change in activation in ipsilateral motor task--related cortices (Waldvogel et al. 1999) . Accordingly, it is rather unlikely that the increased activation we found in the contralesional motor task--related cortices in the patients was due to their reduced amplitude of finger movement. Further, in the patients, we found no significant correlation between any measured movement parameter and activation in the contralesional motor task--related cortices exhibiting between-group differences. Overall, then, our results indicate that the between-group differences in activation observed in the contralesional motor task--related cortices were not likely due to differences in motor task performance during fMRI.
Voluntary movement of the affected hand of stroke patients can elicit involuntary mirror movements of the unaffected hand (Nelles et al. 1998) . Such mirroring may contribute to increased activation in contralesional motor task--related cortices in stroke patients during fMRI (Wittenberg et al. 2000) . However, analysis of the finger motion data acquired during fMRI revealed no significant differences between the patients and controls in mirror movements of the ''resting'' hand during voluntary motor task performance. This result indicates that the enhanced activation in the contralesional motor task--related cortices in the patients relative to controls was not accounted for by an increased occurrence of mirror movements in the patients. Our result is concordant with the findings of Butefisch et al. (2005) who demonstrated activation in the contralesional M1 and premotor cortex of well-recovered stroke patients during affected hand movement that was not accompanied by covert mirror movements assessed by electromyography during fMRI.
Increased activity in contralesional motor cortices of stroke patients has been suggested by some to relate to poor motor outcome (Turton et al. 1996; Netz et al. 1997; Ward et al. 2003b ). However, our patients had relatively good motor outcomes, with the mean level of motor function of the stroke-affected hand across the group about 75% of the unaffected hand and approximately half the group exhibiting near-normal hand motor function. Further, during fMRI, only the slight reduction in movement amplitude in the patients relative to controls indicated a residual motor performance deficit. Moreover, we found no significant correlation (negative or positive) between the magnitude of activation in the contralesional cortices (S1/ M1, PMv, SMA/cingulate, and occipitoparietal cortex) during affected hand task performance and movement amplitude (or any other movement parameter measured during fMRI) or overall hand motor function in the patients. Together, these observations indicate that the enhanced activation in the contralesional motor task--related cortices was not related to the level of residual hand motor impairment in the patients.
On the surface, our result of increased activation in the contralesional S1/M1 during performance of the synergistic motor task in the chronic stroke patients differs from that of Ward et al. (2003a Ward et al. ( , 2003b who reported that brain activation during performance of a hand gripping task, also a synergistic motor task, was not different in well-recovered chronic stroke patients from that in normal controls. However, the 2 synergistic tasks differ with regard to motor challenge. The synergistic task employed by Ward et al. involved a palmar grasp, which is the one the earliest motor functions to reappear after hemiparetic stroke (Twitchell 1951; Brunnstrom 1966) . In contrast, our synergistic task was digit flexion and extension through the full range of motion; this task involves grasp and release functions of the digits and recovers later after hemiparetic stroke (Twitchell 1951; Brunnstrom 1966) . Accordingly, our observation of enhanced contralesional S1/M1 activation during performance of a synergistic motor task in well-recovered stroke patients likely reflects increased task demands relative to that in controls.
Our observation that increasing the motor skill challenge enhanced activation within an extended cortical network of the contralesional hemisphere in stroke patients relative to that in controls has similarities and dissimilarities with the few other studies that employed motor tasks of varying skill challenge in stroke patients. Similar to our findings, those of Cramer et al. (2001) and Foltys et al. (2003) in well-recovered stroke patients reported that a motor task requiring increased skill was associated with enhanced activation in the contralesional M1. In contrast, Nair et al. (2007) recently reported that well-recovered stroke patients showed enhanced activation in the ipsilesional S1/M1 during a skilled motor task (index finger adduction/ abduction), whereas they showed enhanced activation in bilateral S1/M1 during performance of a relatively unskilled motor task (wrist flexion/extension). These later observations are difficult to reconcile with our findings and those of the previous studies described. As Nair et al. discuss, because they did not monitor motor performance during fMRI, it is possible that performance differences in the patients relative to controls confounded their activation results. Moreover, the current study is the first to employ kinematically matched motor tasks, allowing us to make meaningful, direct comparisons in activation related to an increment in motor skill challenge.
The observed increase in contralesional M1 activation in the patients during performance of the synergistic and nonsynergistic motor tasks could reflect changes in its interaction with ipsilesional M1. In normal healthy adults, performance of unimanual motor tasks with increasing challenge (e.g., sequence length, coordination, force precision, and accuracy) has been shown to enhance activity in ipsilateral motor task--related cortices, including M1 (Catalan et al. 1998; Ehrsson et al. 2000; Hummel et al. 2003; Verstynen et al. 2005; Carey et al. 2006) . Interfering with activity in the ipsilateral M1, by means of transcranial magnetic stimulation (TMS), has been shown to disrupt the timing of behavioral performance (Chen et al. 1997) and alter the timing of muscle recruitment (Davare et al. 2006) of complex hand movements in normal healthy adults. These studies have suggested that the ipsilateral M1 is normally involved in meeting the spatiotemporal demands placed on the contralateral M1 to execute complex hand movements, possibly via transcallosal connections. By extension, in patients who have made good motor recovery after hemiparetic stroke, the ipsilesional M1 may rely more heavily on the contralesional M1 to control spatiotemporal aspects of affected hand movement. This hypothesis is supported by the recent demonstration in well-recovered chronic stroke patients that TMS-induced suppression of the contralesional M1 impaired the timing of a complex movement performed by the affected hand (Lotze et al. 2006) . However, other studies found that a similar experimental manipulation to the contralesional M1 improved (Mansur et al. 2005; Takeuchi et al. 2005) or did not change (Johansen-Berg et al. 2002; Werhahn et al. 2003 ) motor function of the strokeaffected hand. The reason for these inconsistent results from studies using TMS is not clear. Nonetheless, our fMRI results are consistent with the implications from studies in normal healthy adults and suggest that enhanced activation in the contralesional M1 in well-recovered chronic stroke patients may reflect this area's participation in the neural control of motor tasks performed by the affected hand. The joint increase in activation in the contralesional S1 in our patients may reflect its communication with the contralesional M1 as these 2 neighboring cortical areas have tight anatomical (Jones 1985; Cauller et al. 1998 ) and functional (Hikosaka et al. 1985; Brochier et al. 1999) connections.
Performance of the skilled nonsynergistic motor task by the chronic stroke patients enhanced activation relative to that in controls in the contralesional S1/M1, as well as in other frontal motor cortices of the contralesional hemisphere (PMv, SMA/ cingulate). The enhanced activation in additional contralesional frontal motor cortices in the patients may reflect utilization of further processes to successfully perform an incrementally more challenging motor task. Bilateral PMv has been shown to be a cortical area critical to linking observation of visual cues to execution of hand actions in normal healthy adults (Iacoboni et al. 1999; Nishitani and Hari 2000; Buccino et al. 2001; Koski et al. 2002) . The enhanced activation we observed in the contralesional PMv in the patients during the nonsynergistic motor task may reflect greater utilization of this observation--execution matching system. In monkeys with good motor recovery after an experimentally-induced lesion to M1, neural activity just prior to movement of the affected digits has been observed to increase in the SMA bilaterally, as compared with before the lesion (Aizawa et al. 1991) . Accordingly, it is reasonable that the enhanced activation we observed in the patients in the contralesional SMA, with extension into the neighboring cingulate cortex, during the nonsynergistic motor task might have been involved in planning the more challenging motor task.
Activation in the contralesional occipitoparietal cortex increased during performance of the skilled nonsynergistic motor task, along with that in the contralesional frontal motor cortices, in the patients relative to controls. Notably, we also found that the increase in motor skill challenge (nonsynergistic vs. synergistic task) elicited a significantly greater enhancement in activation in the contralesional occipitoparietal cortex of the patients compared with that of controls. A recent study in wellrecovered chronic stroke patients found that interfering with activity (by means of TMS) in contralesional frontal motor cortices (M1, dorsal premotor cortex) disrupted the timing of a complex (i.e., nonsynergistic) hand movement, whereas interfering with activity in the contralesional superior parietal cortex disrupted the accuracy as well as the timing of the complex hand movement (Lotze et al. 2006 ). These findings, together with our current results, suggest that the contralesional occipitoparietal cortex may play a particularly important role in the restoration of dexterous, skilful movement of the affected hand of stroke patients beyond that played by the contralesional frontal motor cortices. The occipitoparietal cortex, and specifically the posterior aspect of the intraparietal sulcus where the largest fraction of activation in this area resided, is known to be involved in motor coordination (Ramnani et al. 2001; Ehrsson et al. 2003) , visual guidance of movement (Culham and Valyear 2006) , and attention (Mesulam 1990; Nobre et al. 1997; Gitelman et al. 1999) in normal healthy adults. Stroke patients with good motor recovery may strongly recruit the contralesional, posterior aspect of the intraparietal sulcus to support these processes for successful performance of skilful motor tasks by their affected hand.
In conclusion, the current study found that activation in the contralesional cortical network was modulated by the level of motor skill challenge to the affected hand of chronic stroke patients with good motor recovery. These findings suggest that successful recovery of motor skill after hemiparetic stroke involves participation of the contralesional cortical network.
